Background and Purpose-To evaluate the proximity, variance, predictors of dose, and complications to the sigmoid in cervical-cancer brachytherapy using 3D planning.
Introduction
Intracavitary brachytherapy (BT), in conjunction with external-beam radiation (EB) and chemotherapy, is the standard of care in the curative management of locally advanced cervical cancer.(1) The rectal and bladder reference dose points of the International Commission on Radiation Units (ICRU) 38 are the standard for reporting normal tissue doses with BT. However, these points are based on plain films and two-dimensional (2D) BT planning(2) and do not relate to the maximum dose delivered or toxicity.(3-10) Stereo x-ray photogrammetry has been used to estimate dose to the sigmoid colon near the low-dose-rate LDR applicator. This method has shown that simple 2D planning cannot determine the maximal dose to the sigmoid, which is possible with ICRU rectal and bladder doses.(11) Therefore, no sigmoid dose point is described in the ICRU recommendations for 2D planning in cervical cancer BT. Previous publications have estimated a 0.6-6.4% sigmoid complication rate for low-dose-rate (LDR) radiation, including the risk of obstructive sigmoiditis and sigmoid perforation. (12) (13) (14) (15) (16) (17) (18) Three-dimensional (3D) imaging allows for the delineation of the organs at risk (OAR), including the bladder, rectum, and sigmoid. In 2005, the GEC-ESTRO published guidelines for magnetic resonance (MR)-based contouring of tumor volumes in cervical-cancer BT. (19, 20) CT-based planning for the OAR has been shown to be similar to MR-based contours if the time interval between the MR and CT scans is relatively short, patient positioning is similar, and the bladder is drained with a Foley catheter in place.(21) GEC-ESTRO II recommended the reporting of the minimum dose to the most irradiated tissue volume (D0.1, D1, and D2cc). This was based on the assumption that the OAR received the full dose of external-beam radiation and that the brachytherapy dose to the OAR should be recorded per fraction in order to calculate the worst-case scenario of cumulative dose received.
Sigmoid dose has been reported in other 3D-based studies of cervical cancer treatment with high-dose-rate (HDR) (22) (23) (24) or pulsed-dose-rate (PDR) brachytherapy. (25, 26) However, no study to date has reported within-patient variation between fractions in sigmoid location and determined predictors of sigmoid dose in cervical-cancer BT. The goal of this study is to evaluate these factors and to report sigmoid complications in this population of patients.
Materials and Methods

Patients
We conducted a retrospective review of all biopsy-confirmed cervical-cancer patients treated using 3D planning techniques with curative intent from April, 2004 to December, 2007 at the Brigham and Women's (BWH)/Dana-Farber Cancer Center after approval by the Human Subjects Research Committee. Exclusions included one patient who had a supracervical hysterectomy treated with a short tandem and another patient treated with BT alone for Stage IB1 cervical cancer. Fifty patients were identified who received BT with either LDR (tandem and ovoid (T/O), tandem and interstitial (T/I)) or HDR BT (tandem and ovoid (T/O), tandem and ring (T/R), or tandem and cylinder (T/C)) following EB radiation therapy and chemotherapy.
Brachytherapy Procedure and Treatment Planning
All patients were brought into a dedicated BT suite at BWH. The suite includes a CT scanner with a custom-designed tabletop that allows the patient to be moved through the bore in treatment position without having to shift off the procedure table. Patients were given either spinal or general anesthesia and were examined in lithotomy position to document the extent of cancer. After sterile prepping and draping of the patient, a Foley catheter was inserted into the bladder, and the Foley balloon was inflated with 7-10 cc of hypaque contrast. The uterus was sounded with ultrasound guidance if necessary. Serial dilation of the cervical os was followed by insertion of the intrauterine tandem. Depending on disease extent, a para-cervical ring, ovoids, cylinder, or interstitial needles were placed. Prior to September 2005, hypaque contrast was placed into the Foley balloon but not into the bladder directly. After September 2005, the bladder was emptied and then instilled with 10 cc of contrast material in 40 cc of saline to define the bladder wall; barium was instilled into the sigmoid and rectum with a rectal tube. Radio-opaque markers were placed within the applicators for visualization and treatment planning.
All patients underwent CT simulation (General Electric Medical Systems, Milwaukee, WI) using 2.5 mm slices. The patient remained anesthetized throughout the procedure and simulation, and the images were obtained with the patient in treatment position with the legs down. Patients receiving HDR treatments remained anesthetized during both planning and delivery. The CT images were transferred to the Advantage Sim (GE Medical Systems) Virtual Simulation Software and to Plato (brachytherapy planning v14.2.6 Nucletron Systems, Veenendaal, The Netherlands) for HDR or to Brachyvision (Planning 6.5 build 7.3.10) for LDR contouring and planning. External contours of the sigmoid, rectum, and bladder were made. The window and level settings of the images were manipulated to decrease the scatter artifact from the LDR applicator. One physician (C.H.) contoured the sigmoid from the rectosigmoid junction to the level where the sigmoid crosses anteriorly to the pubic symphysis. (27) Rectal contrast helped define the rectosigmoid junction and distinguish the large bowel from the small bowel. The post-implant dose-volume histograms (DVHs) of the sigmoid, rectum, and bladder were generated for the D0.1cc and D2cc volumes.
The prescription for HDR was 27.5 Gy in 5 fractions to Point A, and for LDR approximately 40 Gy over 1-2 fractions at an average of 0.6Gy/hr (range 0.4-0.8 Gy/hr). Equivalent doses were calculated for HDR treatments using the linear quadratic model normalized to 2 Gy/ fraction using an α/β of 3 (EQD2). 3D manual optimization of the HDR plans restricted the per-fraction D2cc dose to the sigmoid and bladder, making the cumulative EB plus total BT EQD2 dose <75 Gy. (22) The LDR applicator was loaded to the tip in all LDR cases. The EQD2 dose to the sigmoid and rectum was limited to 70-75 Gy. The closest single point distance from the tandem to the sigmoid was measured on axial images, as was the closest distance from the 100% isodose to the sigmoid.
Analysis
Linear regression was used to determine predictors of the D2cc sigmoid dose. Univariate analysis included tandem length, distance from tandem to sigmoid, type of applicator (categorical T/O vs. T/R vs. T/I vs. T/C), dose rate (HDR vs. LDR), and bladder and rectal dose. The variation of sigmoid to tandem distance between fractions within individual patients was estimated. The coefficient of variation (CV) is the ratio of a standard deviation to a mean; in this study the CV is the ratio of the standard deviation of within-patient (among-fraction) sigmoid-to-tandem distances and the mean sigmoid-to-tandem distance. A single factor ANOVA test was used to evaluate whether the mean sigmoid distances differed among patients given the estimated within-patient variation. Complications were recorded using the NCI Common Toxicity Criteria.
Results
A total of 170 HDR fractions were delivered to 34 patients with tandem and ovoid (17 patients), tandem and ring (5 patients), tandem and cylinder (2 patients), or a combination (10 patients). Twenty-four LDR fractions were delivered to 16 patients with tandem and ovoid (5 patients), tandem and interstitial (8 patients), or both (3 patients). Table 1 lists patient and tumor characteristics. Proportionally more Stage III and IVA patients received LDR radiation than HDR. There was no difference in the median tandem length inserted: 6 cm for both HDR (range [rg], 4-7 cm) and LDR (rg, 5-7 cm).
The median EB dose for both HDR and LDR patients was 45 Gy (rg, 40-50.4 Gy). The median cumulative BT dose was 27.5 Gy (rg, 25-27.5Gy) in 4-5 fractions prescribed to Point A for the HDR patients, and 42.5 Gy (rg, 36-50 Gy) over 1-2 fractions prescribed at 0.4-0.8 Gy/hr for the LDR patients. The median activity at the tip of the LDR tandem was 13.5 mgRaeq (rg, 6.2-14.3 mgRaeq).
The median distance between the sigmoid and the tandem was 1.7 cm (rg, 0.1-6.16 cm) for HDR plans and 2.7 cm (rg, 1.17-4.52 cm) for LDR. One or more dwell positions at the tip of the tandem were turned off in 20% (30/146) of HDR fractions as part of the dose optimization process. The median distance from the sigmoid to the 100% isodose line in the HDR plans was -0.1 cm (rg, -1.4-2.5 cm), with the sigmoid falling within the high-dose region; for LDR the corresponding median distance was 0.44 cm (rg, -0.73-5.2 cm). Among HDR fractions, the coefficient of variation (CV) of the within-patient (among-fraction) sigmoid-to-tandem distance was 40%. The variation among patients as evaluated by ANOVA was significant, given the estimated within-patient variation (p<0.01).
Only the proximity of the sigmoid to the tandem was significantly related to sigmoid dose (p<0.01). Tandem length, type of applicator (categorical T/O vs. T/R vs. T/I vs. T/C), dose rate (HDR vs LDR), and bladder and rectal dose were not significantly related to sigmoid dose using linear regression. Therefore, multivariate analysis was not performed. Table 2 lists the D0.1cc and D2cc total doses EQD2 (EB+BT) delivered to the OAR. The cumulative LDR EB + BT dose was significantly higher for the bladder and rectal D2cc (p=0.02, p=<0.01). Figure 1 depicts the ratio of prescribed sigmoid dose (D0.1cc and D2cc) to point A prescription dose for HDR and LDR patients. The BT dose to the sigmoid, rectum, and bladder and the ratio of delivered BT dose to the OAR as compared with the prescribed BT dose to point A are reported in Table 2 .
The ratio of sigmoid D0.1 cc to prescribed point A dose in T/O patients showed no significant difference between HDR and LDR, although the significance was limited by the small number of subjects (median D0.1cc and D2cc for HDR, 0.78 and 0.51; median D0.1cc and D2cc for LDR, 0.69 and 0.57; for comparison of HDR versus LDR, D0.1cc p=0.52 and D2cc p=0.65).
With a median follow-up of 31.2 months (rg, 10.8 -50.4 months), there were no grade 3-4 sigmoid toxicities in either the HDR or LDR group. Two patients in the HDR group and one in the LDR group required rehydration for diarrhea, which had not resolved from the EB portion of treatment. In the LDR group, one patient with extensive Stage IVA disease at diagnosis developed a recto-vaginal fistula requiring surgical correction.
Discussion
Using 3D imaging to analyze the dose delivered, this study classifies the sigmoid as an OAR. We found that the distance of the sigmoid relative to the tandem was significantly related to sigmoid dose. This study indicates that the relation of the sigmoid colon to the tandem changes between fractions, with a possible variance in the same patient of approximately 40%. It is important to note that this variance is determined by the proximity of the highest-dose region to the sigmoid, which may be an important factor for future toxicity. CT planning may minimize sigmoid toxicity by allowing optimization of HDR dose. The distance of the sigmoid from the tandem differed significantly between patients, indicating that a standard sigmoid point defined as a certain distance from the tandem would not be valid. The within-patient variance seen in this study indicates the necessity of sigmoid dose calculation with re-planning of each fraction for every patient to accurately calculate a worst-case scenario cumulative sigmoid dose. Whether the exact same geographic region of high dose was treated from fraction to fraction cannot be determined with modern imaging. A recent abstract reporting observer-based sigmoid topography (28) concluded that in 68% of their cases sigmoid movement was easily identified by different observers, which confirms variation in position.
Though sigmoid dose has been reported in the most recent 3D reports, no report to date has assessed proximity to the applicator or other factors that may influence sigmoid dose. In a study by Kim et al. (7) , the sigmoid D3% was 65% and the small bowel D3% was 56% of the prescribed dose. This is consistent with our data, which reflect that after optimization, the sigmoid D2cc received 60% of the prescribed HDR BT dose. Interestingly, we found the cumulative doses to the rectum and bladder but not the sigmoid were higher in LDR treatments. In LDR patients treated with tandem and interstitial implants, we hypothesized that needles adjacent to the prescription point (Point A) may have decreased the dose to the sigmoid. In sub-analysis of T/O fractions in HDR versus LDR, no difference in sigmoid dose was seen, though small sample size was a limitation. In a retrospective analysis by Ferrigno et al. of cervical-cancer patients treated with either LDR or HDR BT with 5-year follow-up, LDR patients had twice the probability of rectal complications than HDR patients (16% versus 8%; p=0.03). (29) This speaks to the potential of HDR BT to spare normal tissue when treatment plans are optimized. The multiple fractions used with HDR prescriptions allow for variance in the position of the rectum and bladder and the potential for optimal packing with each fraction.
To date, it is not known whether the D0.1cc or the D2cc will be more valuable in predicting normal tissue complications. Koom et al. (30) noted that the D0.1cc, D1cc, D2cc, and D5cc predicted radiation-induced telangiectasia in the sigmoid as evaluated by sigmoidoscopy. The probability of telangiectasia increased when the EQD2 D0.1cc was >85 Gy and the D2cc was >70 Gy. In this analysis, the sigmoid D2cc in HDR and LDR BT were similar when using a central tandem and restricting the cumulative sigmoid dose in HDR to EQD2 75 Gy. With a median follow-up of 31 months, there have been no sigmoid complications, but further followup is required. This study cannot evaluate whether the brachytherapy dose is delivered to the same region of the sigmoid from one fraction to the next; therefore, we assumed a worst-case scenario for reporting: that the same region of the sigmoid always receives the highest dose. Cumulating the D2cc dose is therefore a limitation of this study, but the cumulative dose represents a potential maximum dose to a single region of the sigmoid. Other limitations of this study include use of only axial images to determine the distance from the tandem to the sigmoid and the small number of patients treated with low-dose-rate radiation, which restricts our ability to make comparisons between specific applicator types, or between HDR and LDR.
The sigmoid is a mobile organ within the pelvis; toxicity in relation to dose cannot be assessed through plain X-ray images. The use of 3D-based dosimetry may permit more organ sparing and give a better estimate of the dose to the OAR, ultimately decreasing toxicity.
Conclusions
3D imaging in cervical cancer brachytherapy shows the sigmoid in close proximity to the tandem. The maximum sigmoid dose is significantly related to its proximity to the tandem, which varies significantly between fractions, indicating the importance of sigmoid dosevolume evaluation with each fraction. Long-term follow up is necessary to define the dosevolume relationship of the sigmoid. The ratio of sigmoid DVH dose to prescribed point A dose as DO.1cc or D2cc for HDR and LDR brachytherapy. The diamond shape reflects the 95% Confidence Interval of the mean. The bar represents two standard deviations above and below the mean. The box plot width related to sample size, and the horizontal line through the box represents the median value. The dashed lines above and below the box plot are data points. 
